Lactobacillus plantarum, a gram-positive bacterium found in nutritionally rich biotopes like plants and the intestines of mammals, is used in a wide variety of fermentation processes (e.g., meat, vegetables, and dairy products). Among the lactic acid bacteria, L. plantarum is found in the most diverse biotopes. Its metabolic flexibility allows it to adapt to a variety of environments. Genome analysis of L. plantarum revealed a high proportion of regulatory proteins (8.5%), which is a typical feature of bacteria that can be found in diverse environments, such as Listeria monocytogenes and pseudomonads (17, 34) . Among the regulatory proteins, two putative arginine repressor genes were identified in the genome of strain WCFS1. This was surprising, in view of the paradigm that arginine repression is mediated by a single arginine repressor, as found in Escherichia coli (22) and Bacillus subtilis (8) . Moreover, an analysis of sequenced genomes revealed the frequent presence of several potential arginine regulator genes in the genomes of gram-positive bacteria (5) . These observations led us to investigate the putative roles of the two ArgR repressors found in L. plantarum.
Arginine-mediated regulation is remarkably well conserved in very divergent bacteria, i.e., gram-negative bacteria, such as E. coli (22) , Salmonella enterica serovar Typhimurium (21) , Thermotoga (24) , and Moritella profunda (38) , and gram-positive bacteria, such as B. subtilis (8) , Geobacillus stearothermophilus (previously called Bacillus stearothermophilus) (11) , and Streptomyces clavuligerus (31) . The resolved ArgR structures from E. coli, G. stearothermophilus, and B. subtilis have similar folding patterns, despite only 27% amino acid identity between the enterobacterial and the bacillus arginine repressors (10, 26, 35, 37) . The arginine repressor subunit consists of a basic N-terminal DNA binding domain (DBD), which belongs to the winged helix-turn-helix family and is connected through a flexible linker to an acidic C-terminal domain responsible for oligomerization and arginine binding. The active regulator consists of an ArgR hexamer formed by the dimerization of two trimers stabilized by the fixation of six L-arginine molecules at the trimer-trimer interface, which results in the allosteric activation of the regulator (15) . The active hexamer recognizes one or more "ARG box" DNA sequences made of 18-bp imperfect palindromes (22) (23) (24) . The activated transcriptional regulator can act as a transcriptional inhibitor and/or activator, depending on the prokaryote studied. In B. subtilis in the presence of arginine, the arginine repressor AhrC inhibits arginine biosynthesis and activates the arginine catabolic arginase pathway (23) . It is also an obligate accessory protein for the cer/Xer site-specific recombination mechanism resolving multimers of ColE1-like plasmids in E. coli (33) . Unlike other lactic acid bacteria, most L. plantarum organisms have no known arginine catabolic pathways (1) , and no genes of the arginine deiminase (ADI) pathway were found in the genome of the WCFS1 strain (17) or strain CCM 1904 used in this study (27) . The genes encoding arginine biosynthetic enzymes were characterized ( Fig. 1 shows the gene organization of the arginine biosynthetic pathway). The peculiar presence of two arginine repressors in an organism that synthesizes but does not catabolize arginine prompted us to investigate the role of each argR in arginine biosynthesis in L. plantarum. The predicted ArgR1 (153 residues) and ArgR2 (152 residues) have 35% identical amino acids. Thirty-one and 39% of ArgR1 and ArgR2 residues, respectively, are identical to those of the B. subtilis arginine repressor AhrC, and 26 and 21% of the residues are identical to those of the E. coli ArgR protein. We selected spontaneous mutants with altered arginine regulation in order to investigate arginine-dependent regulation in L. plantarum and, in particular, the functions of argR1 and argR2 in this regulation.
MATERIALS AND METHODS
Bacterial strains and culture conditions. A list of the strains studied is given in Table 1 . CCM 1904 is auxotrophic for 11 amino acids and six vitamins but prototrophic for both arginine and pyrimidines. L. plantarum strains were grown at 30°C without agitation on MRS medium (Difco Laboratories) or the defined rich medium DLA (lactobacillus rich defined medium) free of arginine and pyrimidines (3) . Nutritional requirements were tested at 30°C on agar plates either unsupplemented or supplemented with 50 g of uracil (DLAU) or of arginine/ml in aerobiosis or CO 2 -enriched air. Aerobiosis was obtained by incubation in ordinary air. To calibrate the gas phase CO 2 concentration at 4%, a water-jacketed CH/P incubator (Forma Scientific) was used. The ability of L. plantarum to grow in the presence of the toxic arginine analogue canavanine in final concentrations ranging from 5 to 200 g/ml was tested in CO 2 -enriched air in DLAU medium. Liquid cultures were performed in a CO 2 -enriched atmosphere without agitation in 250-ml Erlenmeyer flasks containing 50 ml of DLAU supplemented with arginine or unsupplemented. For RNA extracts used in reverse transcription (RT)-PCR, cells were cultivated in the water-jacketed CH/P incubator with the CO 2 concentration calibrated at 4%. For RNA extracts used in Northern blots, cells were cultivated in Erlenmeyer flasks closed with gas-tight corks to prevent CO 2 loss during incubation, and 10.8 ml of pure CO 2 gas was injecting through the cork with a sterile syringe to obtain 4% in the gas phase.
Positive screening for arginine-deregulated mutants. Spontaneous mutants deregulated in arginine biosynthesis and derived from independent mutational events were isolated from strain FB331. Isolated colonies grown on MRS agar plates from a FB331 frozen stock culture were suspended in 1 ml of sterile physiological water (NaCl, 9 g/liter). Fifty microliters of each suspension was spread on DLA plates or DLA plates supplemented with arginine (50 g/ml) and incubated for 3 days at 30°C in CO 2 -enriched air. Under these conditions, the wild-type strain FB331 was unable to grow, but a few spontaneous mutants derived from strain FB331 were obtained. A single mutant clone from each plate was transferred to MRS plates, cultivated in MRS medium, and then stored at Ϫ80°C in the presence of 20% glycerol.
Determining arginine excretion. Arginine excretion was estimated by measuring the arginine present in stationary-phase cell culture supernatants by using a bioassay. The indicator bacterium was L. plantarum HN217 (27) . This strain has no arginine-regulated carbamoyl phosphate synthetase (CPS-A) and pyrimidineregulated CPS (CPS-P), so that its growth requires arginine and uracil (Fig. 1A) .
HN217 growth was assessed at 30°C without shaking in liquid DLAU medium supplemented with 4-day-old filter-sterilized (Millipore 0.2-m-pore-size filters) culture supernatants of arginine-excreting strains previously grown in 2 ml of liquid DLAU medium. For each tested strain, 60 and 300 l of this sterilized medium were added to 1.94 and 1.7 ml of new DLAU medium, respectively, and strain HN217 was grown for 4 days. The turbidity (optical density [OD] at 600 nm) of each culture was directly proportional to the arginine concentration in the culture medium. This turbidity was compared to the OD obtained with the sterilized supernatant of the parental arginine-regulated strain FB331 with added arginine concentrations ranging from 0 to 5 g/ml. Two reference curves were obtained by mixing 60 (or 300) l of sterilized used FB331 medium with 1.93 (or 1.69) ml of new DLAU medium and 10 l of new DLAU medium at 0 to 0.1% arginine (data not shown). The minimum detectable arginine concentrations using this method were ϳ0.2 g/ml.
DNA techniques. Four genetic loci were PCR amplified and sequenced using the primers described in Table 2 . PCR amplifications were done on a Peltier Thermal Cycler PTC-200 (MJ Research) with Taq polymerase (Sigma). The PCR amplifications consisted of denaturation at 95°C for 1 min, followed by 35 cycles of denaturation for 20 s at 94°C, hybridization for 20 s at 56°C, and elongation for 5 min at 72°C. Finally, the PCR was completed by a 10-min postelongation treatment at 72°C. Prior to sequencing of the PCR products, the unincorporated primers and deoxynucleoside triphosphates were eliminated by passage on a Microspin S-400 HR column (Amersham Biosciences). The argR2 gene of L. plantarum CCM 1904 was sequenced after amplification using inverse PCR. In our study of arginine synthesis, we fortuitously found that primer argCP2 not only hybridized to argC but also to the argR2 gene. This primer, in combination with primers argR5 (5Ј-GGTAACGGACCAGCACTAGC-3Ј) and argRd4 (5Ј-CKWGAWAYNGTNGCYTGTGT-3Ј, where K is G or T, W is A or T, Y is C or T, and N is A, C, G, or T) were used to amplify the entire argR2 gene and its flanking regions (data not shown) in a 2,402-bp sequence (GenBank accession no. AF451891).
RNA extraction. L. plantarum organisms grown until mid-exponential growth phase (OD at 600 nm, 0.4) were harvested by centrifugation at 4°C. The pellet was suspended in 400 l of suspension solution (10% glucose, 12.5 mM Tris, pH 8, 5 mM EDTA) and 60 l of 0.5 M EDTA. The cell suspension was then transferred to a 1.5-ml Eppendorf tube containing 500 l of acidic phenol and 0.4 g of glass beads (average diameter, between 0.25 and 0.5 mm). The cells were broken by four series of shaking (Retsch apparatus at maximal speed for 30 s) with 1-min pauses at 4°C. The cell debris was pelleted by centrifugation (5 min at 4°C; 10,000 ϫ g). The supernatant was mixed with 1 ml of Trizol reagent (Invitrogen) and incubated for 5 min at room temperature, and then 100 l of chloroform-isoamyl alcohol (24/1 [vol/vol]) was added for 3 min at room temperature. After centrifugation (5 min at 4°C; 10,000 ϫ g), the upper phase was treated again with 200 l of chloroform-isoamyl alcohol. To precipitate the nucleic acids in the upper phase, 500 l of isopropanol was added. After centrifugation (15 min at 4°C; 10,000 ϫ g), the pellet was washed once with 70% ethanol, dried, solubilized in 50 l of Tris-EDTA, and treated for 20 min at 37°C with DNase I (10 U; Amersham Biosciences). The DNase I was heat inactivated (65°C for 10 min).
Transcription analysis. RT-PCR was performed with the Invitrogen SuperScript one-step RT-PCR with platinum Taq kit as recommended by the manufacturer. After a 5-min denaturation at 65°C, 25 ng of RNA template was used to detect transcripts specific to the carA, argG, and rrn genes. The argC transcripts were detected using 60 ng of RNA template. RT was performed at 50°C FIG. 1. Regulation of arginine biosynthesis in L. plantarum. (A) Simplified arginine biosynthesis in L. plantarum FB331. CP is a common precursor between arginine synthesis and the de novo pyrimidine pathway. Wild-type L. plantarum harbors CPS. Strain FB331 has CPS-P, the pyrimidine-regulated CPS, deleted so CP synthesis is entirely dependent on the arginine-regulated CPS (CPS-A) encoded by the arginine-repressed operon carA. The genes coding for enzymes that synthesize citrulline from glutamate, ATP, and CO 2 are organized on the divergently transcribed carAB and argCJBDF operons (3, 27) . The last two steps that synthesize arginine from citrulline are encoded by the argGH genes. The overlapping argG and argH genes suggest coupled translation and transcription. (B) Model for arginine-dependent repression of arginine biosynthetic operons. The arginine-dependent repression of the three tested operons requires both the argR1 and argR2 gene products, which suggests that the active repressor may be a hexamer composed of ArgR1-ArgR2 molecules, but this hypothesis needs to be experimentally tested. The arrows beneath the genes represent the directions of transcription. (C) Mutation mapping of the Arg operators of the bipolar carA/argC genes. Transcription start sites (ϩ1) are indicated with arrows and were determined experimentally for carA (27) and argC (data not shown). The proposed nucleotides of the Ϫ10 and Ϫ35 promoter boxes are underlined. The nucleotide sequence of the carA-argC intergenic region in mutant FB331-14 (⌬4732 to 4780) is detailed at the top. The additional 48 nucleotides found in the wild-type L. plantarum are listed in the rectangle (EMBL database accession no. X99978). The star indicates the T3C mutation found in strain FB331-13. The dotted boxes represent ARG boxes, with bases that are highly conserved among studied E. coli operators and in operators from other organisms in boldface (24) ; mismatched bases found in the proposed L. plantarum ARG box are in lowercase.
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for 30 min, and the resulting cDNA was PCR amplified. Denaturation at 94°C for 2 min was followed by 30 cycles of denaturation at 94°C for 15 s, hybridization at 54°C for 30 s, and elongation at 68°C for 50 s. The program ended with a postelongation step at 72°C for 10 min. The primers used in RT-PCR are described in Table 2 . The RT-PCR products were stained with ethidium bromide and detected by UV after electrophoresis in a gel (2% Nusieve agarose gel; FMC BioProducts) separating small DNA fragments. To control the absence of contaminant DNA in RNA preparations, the RT step was omitted, and no PCR products were amplified. The transcripts of the arginine-regulated operons (carAB, argCJBDF, and argGH) were quantified using Northern hybridization DNA probes specific to carA, argC, and argG, respectively. The probes were obtained after PCR amplification (95°C for 1 min, followed by 35 three-step cycles of 94°C for 40 s, 50°C for 40 s, and 72°C for 2 min; a postelongation at 72°C for 10 min completed the program). The primers are listed in Table 2 . The PCR products were digoxigenin (DIG) labeled, and the concentrations of DIG-labeled probes were estimated by comparison with the labeled DNA control from the DIG DNA labeling and detection kit (Roche). For each probe, the optimal amount of RNA to be used for quantification was tested in the range of 0.5 to 10 g of total RNA and was found to be different for the carA (2.5 g), argC and argG (10 g), and rrn (100 to 250 ng) probes. RNAs (25 l) were heat denatured (10 min at 65°C) in the presence of 75 l of denaturation mixture (prepared by mixing 500 l of formamide with 162 l of formaldehyde and 100 l of 10ϫ MOPS [morpholinepropanesulfonic acid]). After 5 min on ice, 100 l of cold 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) was added, and the RNAs were transferred onto positively charged Hybond nylon membranes (Amersham Biosciences) using the Bio-Dot SF microfiltration apparatus (Bio-Rad). The air-dried RNAs were fixed on the membranes by UV irradiation. A temperature of 50°C was used for prehybridization and overnight hybridization with 10 ng of DIG-labeled probes/ml. Nucleic acid hybrids were detected with the nonradioactive DIG DNA labeling and detection kit using the alkaline phosphatase chemiluminescent substrate CDP-star (Roche). Image acquisition was performed with the ChemiDoc XRS camera (Bio-Rad), and the signals were quantified with Quantity One software (Bio-Rad). The background level was subtracted from the measured signal. To calculate the relative signal, the measured signal was divided by the quantity of RNA put on the membrane. This relative signal was then divided by the relative signal obtained with the rrn probe to obtain the relative amount of each arg or car gene.
Computer analysis. Sequences were compared using the BLAST program (http://www.ncbi.nlm.nih.gov/BLAST/), and the ClustalX program was used to analyze protein alignments. Three-dimensional visualization of proteins was done with Swiss-Pdb viewer software (14) .
Nucleotide sequence accession number. The DNA sequence of argR2 from L. plantarum CCM 1904 has been deposited in the GenBank database under accession no. AF451891.
RESULTS
In L. plantarum, the two argR-like genes are adjacent to genes also found in other gram-positive bacteria. The complete genome of L. plantarum WCFS1 harbors two argR genes named argR1 and argR2 (17) . Since the sequenced strain is auxotrophic for arginine when grown in air (4), the prototroph strain CCM 1904 was chosen to study arginine regulation. CCM 1904 has an argR2 gene identical to the sequenced strain but has three silent mutations in the argR1 locus (1292191C3T, 1292389A3G, and 1292419C3T, according to sequence accession no. NC_004567). The genes adjacent to argR1 and argR2 were also found in other gram-positive bacteria, which highlights synteny group conservation around argR genes (Table 3) .
Selection and phenotype of spontaneous arginine-deregulated mutants. Arginine biosynthesis-deregulated mutants were obtained from L. plantarum FB331, a strain with CPS-P de- c Phenotype as defined in Table 4 . d Point mutation in the promoter region, strongly suggesting that argR1 transcription regulation is impaired. e The argR1 locus was completely deleted, as demonstrated by lack of PCR amplification and absence of detected bands in Southern hybridization with an argR1 probe (data not shown).
f Mutation of residues at positions 63 to 91 and deletion of the last 62 residues. g WT, wild type.
leted in which the only active CPS is CPS-A (27) (Fig. 1A) . Thus, in the presence of arginine, no carbamoyl phosphate (CP) was available for pyrimidine biosynthesis, since the carAcarB gene transcription was arginine repressed (FB331 is arginine inhibited as long as no pyrimidines are present in the medium) (27) . This property was exploited in a positive screening to isolate deregulated mutants able to grow in the presence of arginine in pyrimidine-free medium. Moreover, FB331 is unable to grow in the absence of arginine and pyrimidines in the medium. Apparently, the wild-type CPS-A expression level is not sufficient to provide CP at a level required for both arginine and pyrimidine biosynthesis. This observation was exploited in a second screening procedure to isolate deregulated mutants able to grow in DLA medium without pyrimidines and arginine. All these mutants were isolated under CO 2 -enriched growth conditions (aerobiosis enriched with 4% CO 2 ), since CPS-A activity depends on CO 2 concentrations higher than those found in air (27) . Forty-four spontaneous independent mutants were isolated on DLA and DLA-plus-arginine media. The growth of these mutants was then tested under different conditions (aerobiosis and aerobiosis enriched with CO 2 ) and on different media; the results are listed in Table 4 . Three different phenotypes were characterized (Table 4 , classes 1, 2, and 3). Unlike the parental strain, in pyrimidine-free media all mutants grew in CO 2 -enriched air. The presence of arginine in the selection process had no detected effect on the mutant phenotypes. All 44 mutants had higher resistance to canavanine (canavanine minimal inhibitor concentrations were Ͼ200 g ⅐ ml
Ϫ1
compared to 25 g ⅐ ml Ϫ1 observed with the parental FB331 strain [ Table 4 ]). The amounts of arginine excreted by the mutants varied from 0.4 to 90 g ⅐ ml Ϫ1 and were higher than that for the regulated parent (Table 4) . Class 1 mutants were the most frequent: 20 out of 44 strains. These mutants displayed the characteristic growth dependency on the CO 2 supply; on DLA medium, no growth in aerobiosis was observed even when both arginine and uracil were supplied. Analogous to the parental strain, other mutants grew on DLA complemented with arginine and uracil in aerobiosis. Class 3 mutants (12 mutants) presented the same phenotype as class 2 mutants, except for their extremely high excretion of arginine (averaging ϳ75 g ⅐ ml Ϫ1 ) ( Table 4 ). The higher level of arginine excretion suggests that class 3 mutant regulation of arginine biosynthesis was the most impaired. We hypothesized that class 3 mutants were good candidates to search for arginine regulator mutants.
Characterization of arginine-deregulated mutants: argR1 and argR2 mutants had the class 3 phenotype. To characterize the mutation loci, the sequences of the parental strain and of its derivative mutant in four genetic loci were compared: (i) the carA-carB genes encoding CPS-A, (ii) the carA-argC interoperonic sequence, (iii) the pyrR gene encoding the pyrimidineregulated transcriptional regulator, and (iv) the argR1 and argR2 genes (see Materials and Methods). The 12 mutants of class 3 (Table 4 ) contained mutations in either the argR1 or the argR2 gene analyzed (Table 1 and Fig. 2) , and no mutations were found in the other loci analyzed. In mutant FB331-1, a G3T substitution was identified 42 nucleotides upstream of the argR1 initiation codon. The localization of this mutation within the argR1 promoter region suggests that the argR1 transcription is impaired in this mutant. All other class 3 mutations were found in the ArgR coding sequences. Mutations in the ArgR proteins were found in the two functional domains of arginine repressors, the DBD in the N-terminal domain (37) and the C-terminal oligomerization and arginine-binding domain (26) .
Mutations in the DBD were mapped in ArgR1 (A39E, S42L, and D44G; mutants FB331-2 to -4) and in ArgR2 (R6H, R43C, and R43H; mutants FB331-7 to -9) (Fig. 2) . The high homology between the G. stearothermophilus ArgR and L. plantarum ArgR2 proteins (38% identity) suggests that these domains are structurally similar. Such structural similarities are also found for ArgR N-and C-terminal domains of E. coli (35, 37) and G. stearothermophilus, while these proteins show only 28% sequence identity. The corresponding residues mutated in the L. plantarum ArgR1 and ArgR2 proteins were analyzed in view of the G. stearothermophilus ArgR N-terminal region (accession no. 1B4A) (26) . By comparison with the three-dimensional representation of the G. stearothermophilus crystallized ArgR, the L. plantarum ArgR mutated residues R43, A39, S42, and D44 are found in the helix ␣3, which has been described as making direct contacts with DNA (data not shown). In mutant FB331-7, the R6H amino acid substitution conferred the fully derepressed phenotype (Tables 1 and 4) , confirming that the argR2 translation initiation codon is GTG and not the downstream ATG. Mutation of residue R6 has never been described before (16) , although adjacent residues altered E. coli ArgR activity (37) . The R6H mutation is located in the ArgR2 ␣1 helix, which is spatially close to the ␣3 helix (data not shown). In this mutant, the loss of a potential hydrogen bond between residues R6 and D44 may be altered.
In the C-terminal domain, three mutations were found, including an amino acid substitution (A123D) in ArgR1 and two deletions (⌬Q140-D153 in ArgR1 and ⌬L135-H152 in ArgR2). These deletions in the oligomerization domain of the protein may generate incorrect folding or oligomerization, which may make them nonfunctional repressors. In conclusion, class 3 mutants harbored mutations in one of the argR genes, and these mutations appeared to be dominant and to alter arginine regulation. Moreover, arginine regulation depended on functional binding of the repressors to DNA and the corepressor and also on the integrity of the repressor oligomerization domain. Mutations in argR1 or argR2 resulted in loss of arginine repression. The arginine biosynthetic operons (argGH, carAB, and argCJBDF [ Fig. 1B] ) may be regulated differently by ArgR1 or ArgR2. Thus, the transcription of argG, carA, and argC, which are the first genes of these operons, was analyzed by RT-PCR (Fig. 3) and Northern hybridization (Fig. 4) in cells grown in the presence or absence of arginine in three genetic contexts. Arginine repression was compared in strain FB331, harboring two wild-type argR genes, and the mutants FB331-4 and FB331-10, which harbor single-amino-acid substitutions in ArgR1 (D44G) and ArgR2 (R43H) DBDs, respectively (Fig.  2) . In the presence of both wild-type argR alleles, arginine biosynthetic gene transcription was repressed by arginine (Fig.  3 [compare lanes 1 and 2] and 4) . Complete arginine repression was observed for the carA and argG genes but not for the argC gene (Fig. 3, argC, compare lanes 1 and 2) . This was quantified using Northern hybridization: cultivating the wildtype strain in the presence of arginine drastically inhibited transcription of the carA and argG genes (Ͻ1% of the nonrepressed level), and only half of the argC transcripts were detected (Fig. 4) . On the other hand, in the presence of arginine, carA, argC, and argG transcripts were more abundant in the ArgR1 mutant or the ArgR2 mutant than in the wild-type strain (RT-PCR data [Fig. 3 , compare lanes 4 and 6 to lane 2] and Northern blots [Fig. 4] ). This demonstrates that a mutation in either ArgR1 or ArgR2 led to the loss of arginine repression of the arginine biosynthetic genes. Since a mutation in the DNA binding site of only one L. plantarum argR gene is sufficient to alter arginine regulation, we propose that both ArgR proteins bind to target DNA sequences, which we refer to as the ARG box by analogy to what has been described in other eubacteria (24) .
Class 2 mutants with impaired ARG operators. Class 2 mutants harbored wild-type argR1 and argR2 gene sequences (data not shown). Compared to the class 3 mutants, class 2 mutants excreted less arginine and may be the result of mutations present in the operators of the arginine regulons. Putative ARG boxes located in the bipolar carA-argC promoter region have been determined by homology with the E. coli ARG box consensus sequence (3). Among the 10 tested class 2 mutants, two clones presented mutations in the carA-argC intergenic sequence (Table 1) , but not within the CPS-A structural genes. Mutant FB331-13 harbored a T3C point mutation located in the previously proposed R9 ARG box, 5Ј-ATTGA AAAAAtATTCACT-3Ј (accession no. X99978; nucleotides 4773 to 4756) (Fig. 1C) . In mutant FB331-14, a deletion of 48 nucleotides including the R9 ARG box was found. Despite the fact that the deletion site is located within the argC promoter, the argC promoter sequence in FB331-14 was unchanged (the T base found in the wild-type Ϫ35 box was replaced by another T located upstream of the deletion) (Fig. 1C) . The effects of these mutations on arginine-dependent transcription of the bipolar car and arg operons were tested using RT-PCR (Fig. 3) and Northern blotting (Fig. 4) . Both mutants had constitutive (26) . In the last ␤ strands, the arginine-binding domains are boxed. Residues important for arginine binding and hexamerization (6, 28, 36) are indicated with open and solid squares, respectively. Important argininebinding residues predicted by crystallography and computational studies (19, 37) are indicated with asterisks. Mutations found in this study in L. plantarum are indicated with diamonds and normal font for ArgR1 and with triangles and italics for ArgR2. A base insertion (768insA according to sequence accession no. AF451891 in the EMBL database) generated a frameshift mutation with the substitution of residues 63 to 91 and deletion of the end of the ArgR2 protein. Mutations 985T3A and 1292314C3T (the coordinates are in reference to the sequences with accession numbers AF451891 and NC_004567, respectively) resulted in deletion of the last 18 and 14 amino acids of ArgR1 and ArgR2, respectively.
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on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ carA transcription, but a higher level of transcription was observed with the deletion mutation (in FB331-14) than with the point mutation (in FB331-13) (Fig. 4) . Although these mutations had a minor effect on argC transcription compared to carA transcription, the ⌬48-nucleotide deletion clearly impaired argC arginine repression (Fig. 4) .
DISCUSSION
Like many other gram-positive bacteria, L. plantarum harbors several ArgR-like homologues (5) . In order to study the roles of ArgR1 and ArgR2 in L. plantarum, arginine biosynthesis mutants were isolated. The 44 independent spontaneous arginine-deregulated mutants had common physiological traits. Compared to the parental strain FB331, all of the mutants (i) were excreting more arginine; (ii) were more resistant to canavanine, a toxic analogue of arginine; and (iii) were able to grow in carbon dioxide-enriched air either in the absence of both uracil and arginine or in the presence of arginine only (Table 4) . These common traits suggest that no mutation hindered arginine transport. A mutation in arginine transport would have conferred higher resistance to canavanine and allowed growth in the presence of arginine. However, such a mutation in arginine transport would not explain arginine excretion and growth in the absence of both uracil and arginine. Instead, the observed canavanine resistance would result from deregulation of arginine biosynthesis with overproduction of CP and arginine, as discussed below. FB331 growth is limited by carAB expression. In the genetic context of strain FB331, which lacks a functional CPS-P, CP synthesis is solely dependent on CPS-A (Fig. 1A) . Previous data suggested that CPS-A cannot provide enough CP for both arginine and pyrimidine synthesis, since FB331 is unable to grow in the absence of added uracil (27) . This phenotype may be due to low carAB expression. All the selected spontaneous arginine-deregulated mutants acquired the ability to grow on minimal media. Increased expression of the carAB operon was clearly identified in mutants with mutations in the carA operator (transcription studies [ Fig. 3 and 4] ). As a conclusion, enhanced carAB operon transcription would generate sufficient CPS-A activity to supply CP synthesis for both arginine and pyrimidine biosynthetic pathways. Thus, wild-type carAB transcription is growth limiting in minimal media in L. plantarum strains that lack CPS-P.
Evidence of a regulation link between arginine metabolism and another yet-uncharacterized carbon dioxide-dependent metabolism. CPS-A activity is dependent on high concentrations of carbon dioxide (27) . CPS-A may have low affinity for its substrate carbon dioxide or its dissolved form, bicarbonate. Another possibility is that other systems regulate CPS-A activity or the CP pool when L. plantarum is grown in CO 2 -enriched air. In this work, we found that high carAB expression did not alleviate CPS-A dependence on higher CO 2 concentrations; mutants with constitutively high carAB expression did not grow in ordinary air in defined medium (DLA) without arginine and uracil ( Fig. 3 and 4 [carA probe] and Table 4 ). Moreover, half of the mutants unexpectedly acquired a strict CO 2 dependence on DLA (Table 4 , class 1 mutants) but not on the rich undefined medium MRS (which also contains arginine and uracil). These mutants had the phenotype of arginine-deregulated mutants, since they (i) resisted high canavanine concentrations, (ii) excreted arginine, and (iii) grew on DLA and DLA complemented with arginine under carbon dioxide-enriched growth conditions. Wild-type argR1 or argR2 genes, as well as the wild-type carA-argC intergenic region, were found in 11 out of 20 class 1 mutants. Thus, even if the mutated genes have not been characterized, the phenotype of these class 1 mutants demonstrates that regulation of CPS-A activity is linked to another metabolism, which is also dependent on carbon dioxide concentrations. Additional physiologic and genetic experiments are required to identify the metabolic pathways that are altered in class 1 mutants.
Two arginine repressors control transcription of arginine biosynthetic genes in L. plantarum. One-third of the isolated mutants excrete large amounts of arginine (Table 4 , class 3 mutants) and were shown to be mutated in one of the two argR genes present in L. plantarum. Transcriptional studies (Fig. 3  and 4) confirmed that mutation in one of the two regulators resulted in a complete loss of arginine repression, so the activity of any of these proteins is dependent on the active presence of the other one. Single-amino-acid substitution mutations were obtained for both ArgR copies, which provides valuable information about the domains of these molecules that are involved in arginine repression. (i) Integrity of the DBDs of both ArgR1 and ArgR2 was necessary for arginine repression, so we conclude that both ArgR proteins bind to target DNA sequences. Loss of arginine repression was correlated with mutations found in the ␣3 helix, a structural motif of the DBD in ArgR1 (A39E in FB331-2; S42L in FB331-3; D44G in FB331-4) and in ArgR2 (R43C in FB331-9; R43H in FB331-10). (ii) The last C-terminal residues of both ArgR1 and ArgR2 are essential for arginine repression. Arginine regulation was abolished when the last 18 ArgR1 residues in mutant FB331-6 and the last 14 ArgR2 residues in mutant FB331-12 were deleted. These residues belong to a predicted helix structure (data not shown), despite the fact that their ArgR C-terminal peptides are not homologous. This ␣6 helix may facilitate dimerization of the two repressor trimers. (iii) ArgR1 and ArgR2 may have different corepressor binding sites. The conserved motif GTIAGDDT (Fig. 2) is required for arginine binding and dimerization of the two ArgR trimers of the well-studied single-copy repressors found in E. coli and B. subtilis. Within this motif, residue A123 seems to be essential for ArgR1 activity (mutant FB331-5). This motif is not   FIG. 4 . Comparison of arginine repression in the wild type (wt) and deregulated mutants using Northern hybridization. Five different genetic contexts were studied: the wild type (strain FB331), two mutants with altered operators in the intergenic region of the bipolar car-arg operons (T3C mutation in strain FB331-13 and a deletion in strain FB331-14), and two argR mutants (argR1 in strain FB331-4 and argR2 in strain FB331-10). These strains were cultivated either in the absence (ϪA) or presence (ϩA) of arginine. For each probe, we expressed the relative amount (defined in Materials and Methods) as a percentage of the relative amount obtained with the wild-type strain cultivated in the absence of arginine. nt, nucleotides.
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conserved in ArgR2 and other regulators (Fig. 2) , including the two Lactococcus lactis repressors (20) . This observation suggests a novel arginine regulation mechanism in gram-positive bacteria harboring several argR genes. A sequence resembling an E. coli ARG box mediates carA arginine repression but is not found in the argG operator. The proposed L. plantaraum ARG box consists of two 18-bp imperfect palindromes separated by three A bases (mismatched bases compared to the consensus E. coli ARG box shown in Fig. 1C) . The T3C mutation occurred in the highly conserved half-site ARG box that harbored only one mismatch compared to the consensus sequence. When the proposed ARG box is mutated by complete deletion or by a point mutation (mutants FB331-13 and FB331-14), carA transcription is constitutive. These two mutations did not deregulate argC transcription to the same extent as carA transcription (Fig. 3 and 4) . This suggests that the proposed ARG box is not common to the bipolar operons. Alternatively, since wild-type arginine repression of argC is weaker than that of carA ( Fig. 3 and 4 , half versus total repression, respectively), one would expect less effect of mutations impairing the arginine operator in the less tightly regulated operon. The proposed L. plantarum ARG box is localized 5 bp before the argC Ϫ35 box and at least 61 bp from the Ϫ35 box of the carA promoter (Fig. 1C) . This organization is different from that of other reported arginine-repressed bipolar genes. The transcription start sites are adjacent in M. profunda (38) , overlap by 13 nucleotides in E. coli (18) , and are separated by 162 nucleotides in L. plantarum. Even though the argGH operon was arginine regulated by ArgR1 and ArgR2, no ARG box-like sequence highly similar to known ARG boxes was found in the argG operator. Therefore, ARG boxes highly similar to the E. coli ARG box consensus, like the one found in the bipolar carA-argC operators, appear not to be a prerequisite. Electrophoretic mobility shift assays and footprinting need to be performed to test whether ArgR1, ArgR2, or both repressors bind to the proposed ARG box or other sequences of the bipolar operators.
A novel arginine repression mechanism in L. plantarum? In most of the bacteria in which regulation of arginine biosynthesis has been studied in detail, repression of the arginine regulon is exerted by the binding of a hexameric repressor molecule. In fact, the ArgR active form found in E. coli, B. subtilis, and G. stearothermophilus consists of a dimer of homotrimers (10, 26, 35, 37) The fact that up to four different ArgR/AhrC-like proteins in some bacteria, and in other prokaryotes a single regulator, regulate both arginine biosynthesis and arginine catabolism raises the question of the roles of multiple regulators in a cell.
Gene duplication generates functional redundancy, which is often not advantageous (39) . Theoretical population genetics predicts that both duplicates can be stably maintained when some aspects of their functions differ (29) , which can occur by subfunctionalization. In this case, each paralog would mutate up to the point at which its total capacity would be reduced to the level of the single-copy ancestral gene, and it would adopt part of the function of the ancestor. In the two cases where the functions of duplicated argR genes were genetically investigated, both gene products were active and required for active transcriptional regulation (reference 20 and this work). The subfunctionalization of the different paralogs can be at the level of protein function or expression. This hypothesis is in agreement with results observed in E. faecalis, where glucose and arginine influenced argR1 and argR2 transcription differently (2) , and in L. lactis, where only one argR gene was implicated in the regulation of arginine catabolism (20) . Thus, the presence of several argR genes may facilitate microbial response to variations of environmental growth conditions. In L. lactis, mutation in one of its two argR genes conferred improved acid resistance upon enhanced ADI arginine catabolism (30) . The ADI system plays a role in the acid resistance of a number of gram-positive bacteria (for a review, see reference 7) and acts as a virulence factor in Streptococcus pyogenes (9) . Unlike L. lactis, most L. plantarum organisms do not catabolize arginine, and no difference in the function of L. plantarum argR genes was found under the tested conditions, which does not exclude the possibility that these genes have a different pattern of function or expression. Whether only one ArgR protein is also sufficient to activate the arginine catabolic genes in the few L. plantarum strains described as harboring an ADI pathway (32) remains to be tested. Since genes that are functionally related are sometimes organized in operons, L. plantarum argR gene linkage was examined and compared to that in other organisms. L. plantarum and Leuconostoc mesenteroides both harbor two copies of argR that are found in their genomes adjacent to similar genes. argR1 is adjacent to pbp2A, which encodes a putative membrane carboxypeptidase (penicillinbinding protein) (National Center for Biotechnology Information conserved domain COG0744) ( Table 3 , group 1). argR2 is bordered by yqxC, which encodes a putative FtsJ-like methyltransferase whose substrate is the 23S rRNA (listed in the National Center for Biotechnology Information conserved domains as COG1189), and recN, which encodes a DNA repair protein in E. coli (12) (Table 3 , group 2). E. faecalis also contains both synteny groups but contains two additional argR copies (argR1 and argR2), which are linked to the ADI arginine catabolic operon (2) . Unlike L. plantarum and L. mesenteroides (13) , E. faecalis not only synthesizes arginine (25) but also degrades it. L. lactis harbors two genes with ahrC linked to yqxC-recN (Table 3 , group 2) and argR linked to the arginine catabolic arc genes (20) . AhrC, but not ArgR, is involved in activation of the arc genes (20) . The conservation of argR genes in synteny groups may be correlated with the different physiological roles of ArgR proteins in gram-positive bacteria. We suggest that argR duplication generated complex argR regulation networks in some gram-positive bacteria in response to specific niche adaptation.
